• We examined hand use in the common marmosets using three experimental conditions.
Introduction
Preference in hand use is one of the many remarkable characteristics that emerged in the course of hominid evolution [1] . Humans are notably lateralized, and more than 90% of the population is considered right-handed [2] . Except for some reports from wild and captive chimpanzees [3] [4] [5] , however, no other primate species have shown handedness, left or right, analogous to the handedness in humans [6] .
In primates, the observed hand preference is affected by several variables such as task complexity (e.g., [7, 8] ), and postures (e.g., [9] ). Especially for arboreal species, postures are important because primates are frequently forced to maintain postural stability with their limbs on tree branches. In accordance with the postural origins theory of asymmetries in primates [10] , population level shifts toward a greater use of the right hand for upright versus quadrupedal reaching have been reported in chimpanzees, orangutans [11] , gorillas [12] , macaques [13] , and capuchins [14] . However, shifts in the reverse direction (greater left hand use for upright versus quadrupedal postures) were observed in gibbons [12] and squirrel monkeys [15] . Bush babies were observed to have a left hand population bias when they reached for food from a upright posture, but the bias was diminished when they captured the food item in a quadrupedal posture [16] . Ruffed lemurs were tested in free-foraging and discrete food presentation conditions and showed a strong left hand bias in the latter conditions [17] ; however, gray mouse lemurs showed no population-level hand bias depending on postural demands [18] . Milliken et al. [19] examined the feeding postures and hand preferences in three species of Sifakas in their normal group settings and observed that the majority of subjects used their mouths when retrieving the food item from a tray on a flat surface but tended to use one hand when engaged in arboreal feeding on foliage. These studies showed that bias in hand use is associated with foraging situations (e.g., hands-free, arboreal, or spatially restricted) and the original foraging habits of the given species.
One of the purposes of the present study is to examine the effects of posture on hand use in captive common marmosets (Callithrix jacchus). Common marmosets are arboreal in the wild and have claws on their fingers that are adaptive for upright postural stabilization on tree trunks [20] . An upright posture enables marmosets to use their forelimbs freely to feed on insects and tree exudates using vertical clinging postures [21] . However, both hands are used occasionally in spontaneous food-taking and holding behaviors [22] . Therefore, the hand use of marmosets in the standing posture, in which both hands are available, can reveal any tendencies for behavioral lateralization and hemispheric specialization [23] [24] [25] . In non-primate mammals (cats, tree shrews, and marsupials), there has been no study reporting the effects of posture on paw preference [26] [27] [28] . Therefore, the postural origin theories of laterality are worth examining in small arboreal primates like common marmosets.
A previous study on hand preference in common marmosets has shown that common marmosets begin to exhibit hand preference in daily food intake at 5-8 months of age and that the preference remains stable up to 70 months [29] . Several studies have also shown individual hand preferences when the marmosets were forced to only use one hand [30] [31] [32] . In four tasks requiring different levels of visual guidance and postural control for reaching, individual-level hand preference was observed in common marmosets, together with the effects of task demand on the strength of preference [32] . When performing a complex task, such as tool use, in which the marmosets had to use one hand to operate a rake on a table while ensuring postural stability with the other hand, one marmoset consistently used the left hand for the task, whereas the other four individuals showed no such preference; the hand that the four marmosets used depended on the location of the food item relative to the location of the rake [33] .
To clarify their preferential hand use depending on the task differences, we examined the effects of two variables, posture and size of aperture, on hand use in common marmosets. In our tasks, the marmosets were required to reach for the food items using different postures (upright or quadrupedal) and different size of apertures of hand use (passing through a small or large hole). In the ground condition (Gr), the marmosets reached for the food item on a table that was level to the floor of the experimental chamber, thus requiring a quadrupedal posture. In the small hole (SH) and large hole (LH) conditions, the marmosets had to reach through small or large holes to retrieve the food item. The holes were placed at a height that required them to be in an upright posture. The size of the hole in the SH condition was established at 2.0 cm so the marmosets could only insert one hand at a time because of their palm size (approximately 1.5-2.0 cm). Similarly, the diameter of the LH was established at 4.0 cm so one or two hands could be passed through the hole simultaneously. Therefore, we manipulated the space of hand use for the subjects under these conditions.
Because we conducted the experiments in the different room from the housing one, there was possibility that additional variable such as novelty of the experimental situation would affect on the individual performance of hand use, because individual disposition was found to be correlated with the hand preference in a novel setting [34] , Thus, we examined this possibility by conducting the same experiments in the housing cages using additional subjects. Twelve adult common marmosets, five males and seven females, ranging from 20 to 61 months old (mean = 33, SD = 11), were used in the experiment. The mean body weight of the marmosets was 343 g (SD = 60). All marmosets were laboratoryborn. The marmosets were housed individually in a housing room on a 12:12 h (8:00/20:00) light/dark cycle. The temperature in the housing room were maintained at 27
• C and the relative humidity averaged 50%, respectively. The marmosets had ad libitum access to food and water in their home cages. All experimental procedures and handling methods were performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Research Council and the Guidelines for Animal Experimentation at RIKEN. The experiments were approved by the Animal Experiment Committee at RIKEN. This study complies with the current laws of Japan (the Act on the Welfare and Management of Animals).
Apparatus
The experimental chamber was 42.0 cm × 34.0 cm × 35.0 cm and constructed of stainless steel. The chamber was located in a sound-attenuated room. Three different front panels were used depending on the conditions of the task. For the Gr condition, the front panel (26.0 cm × 20.0 cm) had an aperture (3.0 or 1.5 cm × 16.0 cm, shaped like a comb with 2.0 cm × 1.5 cm teeth) at the bottom, through which the subjects could extend their forearms and hands to retrieve the food items (Fig. 1A) . The food items were placed on a black acrylic table (9.5 cm × 35.0 cm × 24.0 cm), 2.0 cm above the floor, which was connected to the experimental chamber through the aperture. The front panel used in the LH upright condition contained a hole (4.0 cm in diameter) through which the subjects could put both hands simultaneously through the center of the panel (18.5 cm from the bottom; Fig. 1B ). The hole in the SH upright condition was 2.0 cm in diameter, through which the subjects could only put one of their hands (Fig. 1C) .
The animal placed in the experimental chamber was not isolated, but rather were in sight of another marmoset in a nearby cage. During the experimental sessions, the subjects' behaviors were videotaped with video cameras (HDR-HC9; Sony, Tokyo, Japan) that captured the side (from the left) and top views of the chamber. The videotapes were used for the observations of the subjects' behaviors and scoring. Marshmallows, which were used as rewards for the marmosets, were cut into tiny portions (approximately 0.3 cm × 0.3 cm × 0.3 cm) and served as the food item. The rewards were presented to the marmosets on the tip of a silver spoon (15 cm).
Procedures
The subjects were transferred from the housing room to the experimental room before the daily session. We placed another marmoset in a waiting cage behind the experimenter in the view of the waiting animal during the testing trials. The experimenters used their right hands to hold and transport the spoon to the desired position in front of the subjects. The food item was presented when the animal entered the posterior half of the chamber to prevent any positional bias. The experimenter tried not to look at the subjects' faces when they came to the front panel until they finished their responses, to prevent any social or emotional effects from the experimenter on their choice. When a marmoset was distracted, the experimenters attempted to capture their attention by making sounds and moving the spoon with the food item. The food item was presented at the fixed position (varied in the conditions, described below) when the animal started to approach it. When the marmoset grasped and pulled the spoon, the experimenter left it until the animal finished the food. The food item was withdrawn if the marmoset tried to reach it with its mouth. Marmosets always ate the marshmallow while remaining at the front of the chamber without changing their position. The day before the initial experimental day, the marmosets were individually carried to the experimental settings and apparatus without any scoring recorded. Shaping was defined as reaching for the reward within 30 s after the food presentation.
The criterion for preferred hand use was scored as the hand that was used to touch the food item or spoon on the initial attempt. The hand used to make initial contact was always the hand used in the retrieval. Bilateral hand use was scored when both hands touched the food item or spoon simultaneously or consecutively within 1 s. Only the trials with successful food retrievals were scored, although retrieval failures were rarely observed.
A session consisted of three conditions per day, and each condition consisted of twelve trials. The inter-trial interval was approximately 10 s. The order of the three conditions was counterbalanced between sessions, and seven sessions were conducted for each subject. An additional seven sessions were conducted for the marmosets (M20 and F28b) that did not reach for the food reward within 30 s after the food presentation on the initial trial of the last session in the small hole upright condition. These seven sessions (including all three conditions) were conducted for these two subjects because they displayed restless behavior such as freezing, screaming, and backfliping more than 10 min in total during the shaping session. The data from the additional seven sessions were used in the analyses for subject M20 and F28b.
Ground condition (Gr-I).
The food item was placed 3.0 cm away from the aperture on the left, center, or right region of the acrylic table using a spoon (Fig. 1A) . The distance between the center and the right/left position was 10 cm. The order of the locations of the food item was pseudo-randomized, both within and between sessions.
Large hole upright condition (LH-I).
The food item was placed 3.0 cm away from the front panel at the center of the hole using a spoon (Fig. 1B) .
Small hole upright condition (SH-I).
The procedure was identical to the LH-I condition except that the hole was 2.0 cm in diameter (Fig. 1C). 2.1.3.4. Scoring. The use of the right, left, or both hands in each trial was scored as one point. Hand preference indices (HIs) were calculated with the formula
in which R and L refer to the number of right and left hand responses, respectively (i.e., a positive HI value indicated a right hand preference, a negative HI indicated a left hand preference, and HI = 0 indicated no hand preference). A z-score of the HI from −1.96 to +1.96 in each condition was classified as ambidextrous. The z-score of the HI was calculated following the formula
where N refers to the number of right and left hand response trials (excluding bilateral hand response trials), and the z-score was used in the analyses.
The inter-observer agreement (k value) for the z-score of HI was assessed by two observers using approximately one-third of all trials (1081/3024 trials, randomly selected two or three sessions from each subject).
2.1.3.5. Statistical analysis. Based on the z-score of HI, binomial tests (Yates's correction) were used to compare the number of marmosets showing hand preference (z ≥ ± 1.96) or not (z < ± 1.96). A Pearson correlation coefficient (r) was calculated to determine the relationship between the age and the z-score of HI. Mann-Whitney U tests were used to examine sex differences of the z-score in each condition. All criteria for statistical significance were established at p < .05. The effects of family could not be examined because of the small number of family members (two pairs of siblings). Posture refers to the subjects that changed hand use when the conditions were changed from Gr (quadrupedal) to LH and SH (upright). Size of aperture represents the group of subjects that changed hands according to the size of aperture in the task, in which the Gr and LH conditions were less limited in space and the SH condition was more spatially limited. Consistency across tasks denotes the group of subjects that did not change hands in the three conditions. The subjects that showed other patterns of hand use belonged to the category Other.
Hand use pattern was determined by the hand preference indexes (z scores) calculated individually. For example, "LH = SH" means that the hand preference indexes of both two conditions were categorized in the same group among the three (significantly left or right handed, no significant lateralized bias). The hand use pattern of "Gr/LH = SH" (Posture) indicates that the subject used identical hands in the LH and SH conditions, whereas the marmosets changed hands in the Gr condition.
Experiment 2: hand preference tests in the housing cages
In Experiment 2, we omitted the LH condition, which showed little difference from the SH condition in Experiment 1, and conducted the additional experiment in front of the housing cage where little effect of novelty was expected.
Subjects
Six common marmosets (two males and four females not used in Experiment 1) 28-56 months old with a mean weight of 440 g (SD = 59) were used. The marmosets were maintained in identical housing conditions as the subjects in Experiment 1.
Apparatus
The apparatus was similar to the apparatus in Experiment 1. Each animal was tested in the housing cage (65.0 cm × 60.0 cm × 43.0 cm). A removable apparatus with a frame and table (30.0 cm × 27.0 cm × 15.0 cm) was attached to the front of the home cage. Three front panels, which were identical to those used in Experiment 1 except for the width (27 cm), could be inserted into the frame. The side view of the subjects and apparatus was recorded on video.
Procedures
The general procedures were identical to those of Experiment 1, and a piece of marshmallow was presented on the tip of a spoon when the marmoset was positioned in the posterior or upper half of the cage. The food rewards were not provided when the marmoset hung on the cage mesh. Only one shaping trial was conducted before the initial test trial because all of the marmosets reached for the food reward within 30 s.
Ground condition (Gr-II).
The procedure was identical to that of the Gr-I condition in Experiment 1 except that the distance between the three positions was shortened (7 cm) because the width of the opening of the housing cage was smaller than the apparatus in the experiment room.
Fig. 2.
The mean rates (%) of hand use across the 7 sessions for the individual monkeys in Experiment 1 (left) and 2 (right). The horizontal axis shows the subject names with the abbreviated sex (F for female and M for male) and age in months (i.e., M20 is a male 20-month-old subject). The ground condition (Gr) is shown in the top panel, the large hole upright condition (LH) in the middle panel, and the small hole upright condition (SH) in the bottom panel.
Small hole upright condition (SH-II).
The procedure was identical to that of the SH-I condition in Experiment 1. Because we obtained similar results in the LH-I and SH-I conditions in Experiment 1, the LH condition was omitted from Experiment 2.
Results
The degree of inter-observer agreement (k value) was 0.89. The percentages of individual marmoset hand use during the seven sessions in each condition in both experiments are shown in Fig. 2. 
Hand preference index
The z-scores of the individual HI in each condition are shown in Fig. 3 . The gray areas show a significant hand preference (>+1.96 for the right and <−1.96 for the left). In Experiment 1, in the Gr-I and LH-I conditions, the animals preferred either their right hand (42%, N = 5), left hand (8%, N = 1), or were ambidextrous (50%, N = 6). In the SH-I condition, 42% (N = 5) of the monkeys preferred their right hand, 25% (N = 3) preferred their left hand, and 33% (N = 4) were ambidextrous. In Experiment 2, in the Gr-II condition, three, one, and two (50%, 17%, and 33%, respectively) of the six monkeys showed right, left, and ambidextrous preferences, respectively. In Table 1 , mean number of hand use were shown for each animal with right, left, or ambidextrous hand use. In the SH-II condition, two, three, and one (33%, 50%, and 17%, respectively) showed righthand preference, left-hand preference, and ambidextrous hand use, respectively. Binomial tests showed no significant bias in hand preference in any condition in Experiment 1 (Gr-I: z = 0.29, p = .56, LH-I: z = 0.87, p = .56, and SH-I: z = 0.87, p = .56) or Experiment 2 (Gr-II: z = 0.41, p = .34 and SH-II: z = 1.22, p = .11). Thus, there was no group-level significance of hand use distribution in either of the experiments. Therefore, we combined the data from both experiments. No significant correlations were observed between age and the z-score (Grs: r = −0.20, p = .42, LH-I: r = .54, p = .07, SHs: r = 0.37, p = .52). No effects of sex on the z-score were observed (Grs: U = 35, p = .97, LH: U = 9.5, p = .98, SHs: U = 35, p = .97).
We conducted chi-square tests and revealed no significant differences in the number of right-, left-, or ambidextrous-handed subjects between Gr-I and LH-I ( 2 (2) = 0.18, p > 0.05) or between LH-I and SH-I ( 2 (2) = 4.59, p > 0.05). Thus, on the group level, both the effect of posture (i.e., SH-I vs. LH-I) and size of aperture (Gr-I vs. Gr: ground condition (Gr-I), LH: large hole condition (LH-I), and SH: small hole condition (SH-I). SH-I/LH-I) were not found to be statistically significant. Therefore, we focused on individual performance in the following analysis. Table 2 presents the pattern of hand use in the individual subjects regardless of the actual hand used (left, right, or both), and five subjects were categorized into Posture, two into Size of aperture, three into Consistency across tasks, and two into Other. Among the five subjects in the postural category, three used their right hand, one used its left hand, and one used both hands in the upright conditions (LH and SH). For the two marmosets in the size of aperture category, one used the right hand, and the other used both hands in the conditions with more space (Gr and LH). Among the three marmosets in the Consistency across tasks category, one consistently used its right hand, and two consistently used both hands. A significant correlation of the z-score between the LH-I and SH-I conditions (r = 0.93, p < .0001) supports the observation that eight of the twelve subjects did not change their hand use between the LH and SH conditions (i.e., the subjects in the posture and consistency across tasks categories). However, there were no significant correlations between the Gr-I and LH-I (r = −0.10, p = .76) conditions or between the Gr-I and SH-I (r = −0.07, p = .83) conditions.
Hand use pattern
In Experiment 2, five of the six monkeys showed changes in their preferred hand between the Gr-II and SH-II conditions (Fig. 2) . Among the five subjects, three changed their preference from right to left, one from left to right, and one from both hands to left.
In sum, a total of 18 common marmoset monkeys (seven males and eleven females, 20 -56 months old, and 380 g (SD = 75)) were tested in Experiments 1 and 2. Significant correlations between the conditions with the same postures and no correlations between the conditions with different postures suggested that the postures affected hand preference more than size of aperture for reaching.
Discussion
The present experiments examined the effects of different postures and size of aperture on preferred hand use in simple reaching tasks in captive common marmosets. There was no bias in hand preference at the group level in any condition of the task, though limited sample size might affect that. No effects of age or sex on hand use were observed in the common marmosets. We observed consistent hand use in the conditions that required identical postures but with different size of apertures (LH and SH) in eight of the twelve subjects. Therefore, in the present study in these three simple tasks, posture had a larger effect than size of aperture on hand use in marmosets.
In Experiment 1, the subjects were transferred to the experimental room from their housing room. Although we waited for the subjects to be habituated to the experimental conditions by ensuring that restless behaviors or emotional, vocal, and facial expressions were not scored before the experimental sessions began, some subjects may have remained affected by the relative novelty of the environment. Therefore, Experiment 2 was conducted in the housing room as a control for the change in the environment. The results obtained were generally consistent with those of Experiment 1, which led us to conclude that the results from Experiment 1 were indicative of hand use in the subjects. Making sounds to capture the attention of distracted monkeys might affect their temperaments and behavior though those attention capturing trials were rare and only in the Experiment 1.
Another concern about extraneous variable which might have affect on the performance of the subjects is the effect of experimenter. In the present experiments, the same experimenter presented the food items to the subjects. It might be possible that the degree of familiarity to the experimenter would have differed in the individual subjects, which would have affected on motivational or emotional status of the subjects, although all animals were familiar to the experimenter for more than several months on daily basis. Except for two subjects in Experiment 1, however, no subject showed distress behavior and, as soon as the subjects were aware of food item ready for presentation, they just came to the front panel to retrieve it. Thus, the effect of experimenter would have been minimized in the present experiments.
The effects of posture and size of aperture on hand use
The analysis of hand change patterns suggested that the changes in hand use depended more on posture than size of aperture, though the statistical analysis could not support the degree of change. In fact, in both upright tasks (LH and SHs), the subjects typically supported upright postures with either hand leaning on the front panel. This observation suggests that for the marmosets, postural stability is more critical than size of aperture when selecting the hand used for the task. Bipedal posture facilitates the use of preferred hand for reaching in lesser bushbabies [35] suggests an unstable bipedal posture modulates the integration of postural/movement mechanisms that affects hand use. Our findings are consistent with those of Hook and Rogers' [32] , who demonstrated that common marmosets display individual hand preferences when reaching for the targets through the holes in an upright posture (i.e., retrieving a food item from a plate or from a string in a clinging position) but not when reaching for a spatially restricted target in a quadrupedal posture (i.e., retrieving the food item on a rotating disk).
An obvious hand preference has been observed in other primates when an upright posture is required (e.g., [11, [13] [14] [15] [16] [17] 19] ), Table 2 Mean number of hand use in each animal (N = 12 in Experiment 1, N = 6 in Experiment 2 Note. Right hand preference (black background), left hand preference (no color), and ambidextrous (gray background).
whereas no obvious hand preference has been observed with an upright posture in common marmosets [32] . However, it should be noted that the studies on other primates employed relatively simple tasks, whereas the study on common marmosets employed tasks requiring visuospatial coordination and the maintenance of postural stability by using either hand.
In this study, bimanual responses were observed with an upright posture when the space available for reaching was less restricted, as in the LH condition. Those responses were also observed with a quadrupedal (or sitting) posture and wide space in the Gr condition. Bimanual reaching and grasping could be original habits of common marmosets. However, marmosets could only use one hand with limited space in the SH condition. These results suggest that size of aperture interacting with posture might have an effect on hand use in common marmosets.
Hand use changes in individual marmosets
The hand preference index observed in each subject showed a distribution in the right hand (5 out of 12 individuals) and ambidextrous (6 out of 12) use in the Gr and LH conditions, respectively, which was a bit different in the SH condition (right hand: 5 out of 12, ambidextrous: 4 out of 12). This result may contradict the expectation based on the idea proposed by Fagot and Vauclair [36] , who predicted that familiar and simple tasks (i.e., the quadrupedal posture with fewer spatial restrictions of Gr used in the present study) would lead to an absence of group bias, whereas complex tasks (i.e., an upright posture with size of apertures, as observed in the SH condition) would lead to such bias. However, such bias should be combined with the observation that most subjects changed the hand used depending on the conditions of the tasks (nine out of twelve subjects in Experiment 1 and five of six in Experiment 2). Similar results were obtained in a previous study [32] , which showed that approximately one-half of the marmosets displayed an opposite hand preference on simple food holding tasks in the home cage ("hold food" condition) and reaching for a food item through a small hole ("bowl"). The latter task increased visuospatial demand by requiring the subjects to use only one hand for reaching; therefore, only spatial restriction could have induced preferential hand use in each individual in comparison to the postural changes imposed in the current study.
In our study, three out of twelve marmosets showed consistent hand use in all three conditions. These results were consistent with the observations in other species that hand preference is associated with the tasks demanding specific hand use of the lateralized brain [37] . More demands and constraints may enhance lateralized hand use. Similar results were obtained in Callitrichidae species, in which only two out of 45 monkeys showed consistent hand use across four different tasks of increasing postural and spatial restrictions [38] . Singer and Schwibbe [38] postulated that the marmosets would show a left hand bias if they were allowed to use only one hand for reaching. This bias may be because of their original foraging styles, in which gum extraction, by gouging a tree trunk, would have caused them to use their right hands to support their bodies [10] . However, in the three subjects that did not exhibit a hand change in our study, two used their right and left hands equally often, whereas the remaining marmoset only used its right hand. Only two of our subjects showed a higher use of the left hand when the task changed from the Gr to SH condition in Experiments 1 and 2. Therefore, further examination would be necessary to observe the effects of increasing postural demands on the emergence of a left hand bias in common marmosets.
In conclusion, we examined preferred hand use in common marmosets using three tasks that differed in postures and size of aperture for reaching. The marmosets changed hands depending on the task, and this change varied individually. The pattern of change indicated that the effect of posture on hand use was more robust than that of size of aperture in common marmosets.
